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SUNMARY

The mechanical and electrical properties of continuous-filament Cu-Nb and
Cu-Ag composites have been surveyed. The mlcroflamentary Cu-Nb composites
were found to have excellent mechanical strength, good electrical conductivity,
and substantial resistance to annealing. As such. the fine-filament Cu-Nb
composites are excellent materials for high strength electrical conductors. By
determining the superconducting properties of the Nb filaments, the annealing
behavior of finely divided Nb was determined. To assess the suitability of the
Cu-Nb composites for pulsed current applications, a novel testing method called
pulsed current fatigue was Implemented. The technique is unique In that it
provides a cyclic thermo-mechanical loading with an extremely simple exper-
imental apparatus.

Cu-Ag composites were fabricated to provide a higher conductivity alternative
to the Cu-Nb system. The anticipated electrical conductivity advantage afforded
by Ag filaments is confirmed. Indeed. extrapolation of their conductivity vs.
strength behavior indicates that the advantage of Cu-Ag over Cu-Nb will increase
at the higher strength levels. However, Ag is not as aggressive as Nb with regard
to developing strength by cold work. Although the present data suggests that
higher strength levels can be accessed, the strengths of the Cu-Ag wires fabricated
do not approach those of the best Cu-Nb samples.
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SECTION I

INTRODUCTION

Composite materials are generally employed because they afford a combi-
nation of properties not Pvallable in homogeneous samples. This is certainly
the case for high strength electrical conductors. The electrical properties of
high conductivity metals such as Cu or Ag are severely compromised when
conventional strengthening techniques such as solid solution alloying or age
hardening are applied. To retain the high electrical conductivity inherent in
semi-noble metals the fcc phase must remain unalloyed. The available
strengthening mechanisms are therefore reduced to cold work or co-ilposite
microstructure. Cold work (work hardening) causes appreciable strengthening
at the expense of increased resistivity brought on by the attendant increase in
dislocation defect density. Composite microstructures also imply a higher
overall resistivity because of the volume needed to accommodate the strength-
ening phase. Neither mechanism can successfully attain the high strength lev-
els desired. However, if the two techniques are combined in a single design
their synergistic effects can yield the desired strengthening.

The composite materials of this study were selected to obtain the best com-
prmise between strength and conductivity in conductor applications. The
deformationInherent in cold work procedures requires that the reinforcing
phase be metallic. Moreover. the cable or wire geometry of most conductors
suggest that maximum benefit will be realized when the reinforcing phase is
present in the form of continuous fibers aligned with the wire axis. Maximumstrengthening is generally afforded when the matrix and fiber materials have
dissimilar crystal structures. Therefore, the majority of this study was per-
formed using Nb (body-centered cubic or bcc) fibers in a Cu (face-centered
cubic or fcc) matrix. However. the conductivity is least compromised when
both phases are semi-noble. A brief Investigation of Cu-Ag composites was
included to probe this inviting alternative.



SECTION 2

SPECIFIC Cu-Nb COMPOSITES

The continuous filament composites of this study were fabricated by the
Levi process as applied to Cu-Nb composites by Cline, Strauss, Rose, and Wulff
(1). In this method OFHC Cu tubes are first swaged and then drawn onto Nb
rods. The resulting monofliament composite is hex-drawn and cut into seg-
ments so that a billet can be assembled by stacking numerous hexes inside a
Cu pipe. After the billet is evacuated and welded shut, extrusion and drawing
operations are employed to reduce the composite to final wire size. Flner fila-
ment sizes can be achieved If additional bundling, extrusion, and reduction
cycles are performed.

The three composite designs of this investigation were selected to demon-
strate the performance differences attributable to filament size and volume
fraction. The "2.01V composite is a single extrusion design possessing 1956
filaments of 3.1 un nominal diameter at a 0.0254 cm diameter wire size. A
cross-section of a 0.049 cm (0.019 inch) diameter coarse-filament 2.0K com-
posite wire Is shown in Figure la. The hexagonal Cu core. thick perimeter can.
and high 0.30 Nb volume fraction result in some crowding of the filaments in
the conservative 2.0K design. The ".8M" composite is a double extrusion
design utilizing 709 colonies of 2479 filaments each to give 1.76 million fila-
ments of 0.11 urn nominal diameter at a 0.0267 an wire diameter. A scanning
electron micrograph of the cros section of a 0.073 cm (0.029 inch) fine-
filament L.SM composite wire Is shown In Figure lb. Although the colony
strcture of this composite is readily discerned, the filaments are too small to
be resolved at this magnifcation Special efforts, such as centerless grinding of
the first extrusion and use of a thinner perimeter can, allowed a more uniform
filament distribution to minimize crowding In spite of the high 0.30 Nb volume
fraction. The 2.2M composite is conceptually similar to the 1.8M design but
differs in both number of filaments and Nb volume fraction. Because the 2.2M
composite has 3055 filaments In each colony. it has a total of 2.17 x 106 fila-
ments.

All of the composites of this study are continuous filament designs. Each
filament is continuous throughout the length of the wire, whether the length be
I cm or several kilometers. A significant benefit of the continuou design is an
ex-Raordinay uniformity of properties both along each wire's length and
between wires of Identical specification. Each filament of a given design has
received the same deformation and should have uniform properties. However.
there are three distinct Cu regions in each composite that are expected to have
different physical characterist. Because the Interfilament Cu is finely parti-
tioned by the Nb fibers, it receives severe mechanical deformation during wire
drawing to final size. This allows the strength of the triaent Cu to
approach that of the Nb fibers at the finest wire sizes. Since the Cu layers
between the colonies of the 1.SM and 2.2M compoites are less severely con-
strained they should exhibit lower mechanical strength and electrical

2



(a)

(b)

Figure 1. Cross-sections of (a) the 2.0K coarse-filament and (b) the
1.8M fine-filament Cu-Nb composites of this study. The
2.0K wire is derived from a single extrusion billet whereas
the 1.8M material is the result of a double extrusion fabri-
cation.
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resistivity. The Cu in the filament-free perimeter can (and in the center of the
2.0K design) should exhibit strengthening and annealing characteristics
approximating those of heavily deformed bulk OFHC Cu. As such, the perime-
ter Cu can is a region of relatively low mechanical strength and high electrical
conductivity. This is useful because it both enhances ac electrical conductivity
and minimizes notch sensitivity. Because of the differences in filament size,
filament count, and Nb volume fraction the three Cu-Nb composites provide a
basis for the assessment of design parameters. The specifications of the com-
posites are summarized In Table 1.

Table 1. Design parameters for the 2.0K, 1.8M. and 2.2M Cu-Nb
composite wires.

Composite Designation 2.0K 1.8M 2.2M
Number of Colonies 1 709 709
Filaments per Colony 1956 2479 3055
Total Number oFilaments 1956 1.76z I0 2.17x 10P
Overall Nb Volume Fraction 0.30 0.30 0.18
Local Nb Volume Fraction 0.45 0.35 0.23
Nozmil Fwber Dimeter 3.1 n 0.11 pm 0.07 pm

at 0.0254 cm wie ae

4



SECTION 3

STRENGTH AND RESISTIVITY OF Cu-Nb COMPOSITES

3.1 CONCEPT AND APPROACH.

The two most important parameters for a robust electrical conductor are
mechanical strength and electrical resistivity. In particular a high mechanical
strength and low electrical resistivity are desired. Additionally, any normal-
state conductor experiences resistance or Joule heating while carrying a cur-
rent. In many environments the available cooling may be Insufficient to
maintain the ambient temperature in the conductor. Therefore, the annealing
behavior of the conductors can be important.

Filamentary composites of continuous Nb fibers in Cu matrices were tested
to determine the effect of composite design on ultimate tensile strength and
electrical resistivity. Both coarse and fine filament composites were tested to
demonstrate the benefits of microfilamentary composites. Properties were
determined as a function of wire size to Indicate the strengthening mecha-
nisms. Fine-filament wires of various diameters given elevated-temperature
heat treatments were tensile tested to define annealing characteristcs.

3.2 INTRODUCTION.

The strength and annealing characteristics of multifilamentary composites
have been Investigated in a number of Cu-matrix systems such as Cu-W (2).
Cu-Ag (3.4), and Cu-Nb (5,6). However, most studies of fine-filament compos-
Ites have been performed on materials fabricated by In-situ methods (3-7) to
facilitate the preparation of fine-filament sizes. The strengths of large filament
designs tend to obey the rule of mixtures (2), whereas the tensile values of fine-
filament composites often exceed linear combination predictons by large mar-
gins In both fcc-fcc (3) and fcc-bce (5) systems. Additionaly, the electricalresstivity has exhibited anomalous effects at the high reductions required to
obtain fine fiber s)es (4).

The mechanisms by which the physical properties are enhanced can be
revealed by exmining the functonalty of strength and resistIvity increases
with respect to decreasing wire size. The simultaneous deformation of bcc Nb
and fcc Cu-neessrily requires some acc mmodation between matrix and fila-
ments. Specicaly, the 11101 texture which develops in bec metals (8) results
in a marked tendency of the Nb filaments to become ribbon shaped in in-situ
Cu-Nb composites (5). Since the partitioning and high dislocaton density in
the matrix result in high Cu restIvities, electrical conductivity is a useful
means of observing matrix annealing in these materials. The elevated-
temperature results of Karasek and Bevk (6) indicate that even very fine in-situ
Cu-Nb wires are annealed by 525C. Further work on these materials by Bevk,
Harbison. and Bell (5) demonstrated ultimate tensile strengths that far exceed

5



the rule of mixtures. Continuous-filament resistivity results of Klein and Rose
(9) indicate that the finest composites are not completely annealed until 600"C.
By monitoring ultimate tensile strength and electrical resistivity as a function
of Nb volume fraction and wire size the available tradeoffs between mechanical
and electrical properties are to be defined. Examination of annealing behavior
will indicate suitability for elevated temperature service.

3.3 RESULTS AND DISCUSSION.

Tensile testing of continuous filament Cu-Nb composites was undertaken
to define the manner in which strength was developed. Of particular interest
were the effects of filament size and Nb volume fraction. Wire samples of the
three composite designs were tensile tested in an Instron 4204 loadfiame until
failure. The 2.0K and 1.8M wires provide a comparison of coarse and fine fila-
ment composites of similar Nb volume fraction. Including both 1.8M and 2.2M
wires provided a basis for assessing the role of Nb volume fraction In determin-
ing strength. Wire drawing is a permanent deformation process that reduces
the dimensions of the wire cross-section uniformly. As the diameter of the wire
decreases the distance between the Cu matrix-Nb filament interfaces is
reduced. Such reductions In the scale d of the microstructure usually increase
the strength a of a material according to the Hall-Petch relationship (10.11)

k

where a. and k are constants for a given material. To reveal any tendency of
the data to follow this trend the ultimate tensile strength was plotted as a fimc-
tion of root reciprocal wire diameter. The ultimate tensile strengths of the sam-
ple wires are noted In FIgure 2. The 2.0K strengths are linear with respect to
root reciprocal wire size tt the diameter range Investigated. Thus, the
coarse-filament 2.0K data can be described well by a Hall-Petch relationship.
The fine-flament 1.8M and 2.2M curves exhibit a significantly different behav-
ior. As antcipated, the fine-filamentwires are remarkabl stronger than the
2.0K wires. In addition, the rate of Increase in strength (the slope) is much
greater for the fine-filament data. The higher Nb volume fraction 1.8M wires
are stronger than their 2.2M counterparts at simar wire sizes. However. the
fine-filament curves are linear only over the first part of the size range. Curves
for both 1.W and 2.2M wires become parabolic at the finest wire sizes. It
becomes obvious that other factors are playing a role In sengthening the com-
posites.

The deformation Inherent In room temperatur wire drawing Introduces a
large degree of cold work In the composite wires. The major influence of this
deformation on the microstructure is to Increase dramatically the density of

6
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FVgur 2. Ultimate tensile strengt as a fuinction of root reciprocal
wire size for the coarse-filament 2.0K and fine-filament
1.8M and 2.2M Cu-Nb composite wires.

defects. The defects, predominantly crystal lattice distortions called disloca-
tions. act to hinder further deformation of the materials. Heavily deformed
materials such as small wires tend to be strong by virtue of their high
dislocation densities. In the present case of Cu-Nb composites both the Nb
filaments and the Cu matrix are known to experience dramatic rises in disloca-
tion density as the wires are deformed during drawing. The distortion of the
mcrostructure inherent In dislocations acts to disrupt electrical conduction.
An indication of the dislocatio density in the Cu can be gained by consdering
the electrical resistivity of the wires. Because of the much higher resistivity of
Nb, the normal state conductivity of the wires is governed by the Cu matrix.
The dependence of the electrical resistivity on reciprocal wire size is shown in
FIgure 3. The coarse-filament 2.0K data is fitted by a single straight line indi-
cating that electrical resistivity p is gtvm by

KP - dP-P.+ .

The .HM and 2.2M compo have ncant high remtivities at each
wire size. Given Its higher Nb volume fraction, it is expected that the resistivity
of the 1.SM composite is grester than that of the 2.2M design at each wire size.
The fine-filament curves are initially quite linear but become parabolic at the
finest wire sizes The deviations from linearity occur at the same wire sues as
did the bends in the ultimate tensile strength curves. This suggeat that the
mecanical strengthening is due to the increased dlocation density. The
experimental results of Rider and Foxon (12) and the theoretical considerations

7



of Brown (13) suggest that Cu resistivity is directly proportional to dislocation
density with a Cu dislocation resistivity on the order of 2 x 10"10 Olcmn. There-
fore the dislocation density p,. in the linear portion of the Figure 3 curves is
givenby

K,

Noting that the dependence of strength a on dislocation density Is given by
a- o. +r4 "p (14). the dependence of strength on wire size becomes

:r,+d ,

which is the Hall-Petch relationship. Thus the strengthening behavior noted in
the Cu-Nb composites of this study is consistent with both the spacing of barri-
ers (the Cu matrix-Nb filament interfaces) and the increase in dislocato.A den-
slty (form wire drawing deformation).

5.0 0 30 v/o Nb 1.8M

E 4.5- 018v/oNb2.2M
4. a 30 v/o Nb 2.OK

.E 3.
.C
0
:k 3.0.

S2.5 AAA

2.01
0 30 60 90 120 150 180

1/d, 1/cm

Flgur 3. ectrcal resistvity as a function of reciprocal wire size for
the coarse-filament 2.0K and fine-M=lamet I.SM and 2.2M
Cu-Nb cmposite wires.

From an t wpoint Its the tradeoff between strength and elec-
trical ca-ductivity that Is most Impxant It is lmprtnt to determine [I]
whether REW-filament c prvde a better tradeoff and 121 the Impact of
volume fraction on the stre gth-conducivity m. These issues are
addresed by Fgure 4 In which electrical comuctivity is plotted as a functio
o( ultimate tens stregh For each Composite cdctivity is linear with
respect to uldmde ten somngth. The 1.9M and 2.2M fine filament data are
deser9d by a abnk line. ThM s the of Nb volume frvtion should be

S



made on the basis of cost, ease of fabrication, and range of applications. The
coarse-filament 2.0K composite exhibits an inferior tradeoff. Its properties can
be bettered by the fine-filament designs with relatively large Interfilament spac-
ings. There Is a clear benefit to be obtained by using the fine-filament compos-
ites. The choice of interfilament spacing must be made on the specific
requirements of each application.

0.5 86.1

E

0. 68.8 E
E~ 0

0 0<

0.3 0 30 v/o Nb 1.8M 51.6
0 18 v/o Nb 2.2M

o. A 30 v/o Nb 2.0K
0.2' 34.4

600 800 1000 1200 1400 1600 1800 2000

UTS, MPa
Fgure 4. Electrlcal condu as a function of ultimate tensile

strength for the comare-filament 2.01[ and fine-filament 1.8M
and 2.2M-Cu-Nb composite wir.

One of the main concerns In high current aicatons Is loss of strength by
annealing. Under certain conditions such as spacebore applicatons the lim-
ited cooling capability may demand elevated tem-rature service. Klein and
Rose (9) have shown that coarse-filament Cu-Nb composites anneal fully by
400C. A series of trials were puformed to demontrate the resistance of fine
filament composites to strength loss. Samples of the 2.2M composite of various
wire sizes were annealed for I hr at t of 200 to 70'C. The wires
were then tensile tested at room temperature to determine their ultimate ten-
sle strgh The results of these tensile tests are given In Figure 5. One
surprisI result is that wires annealed at 200"C are marginaRy stronger that
as-drawn wires. bis phenomena is a direct result of the thermal induced
relief of residual stresses described by Klein and Rose (9). Although some
strength loss is evident at temperatures as low as 300"C. even the finest fila-
ment wires retain more than 2/3 of their as-drawn strength after annealing at
500"C. Above 500C the strength advantage of the finest filament wires is
W1gey m.
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Figure 5. Ultimate tensile strength as a functon of root reciprocal wire
size for fine-flament 2.2M Cu-Nb composite wires given 1-hr
heat treatments at different temperatures.

4 CONCLUSIONS
he streg multiamentary Cu-Nb cmnposites with decreasing

wire size Is generally demeribed by a Hall-Petch relaionship o= o.+k4I. Itis
ikely that the strengthenn occurs through a combination of Interfae barriers
and dislocation density. Theresistiity of wvre of different sizes is closely
described by p= p.+k. At the smallest sizes o the ne--filament composites the
rates of Uncrase In rength and resis ty a somewhat dmnshd. In con-
sidering the tradeoff between electrical conductivity and mechanical strength.
the coarse-filament wires are clearly Inferior. In the fine-ilament wires the
strength-conducUvity tradeoff is simllar over a wide range of Nb volume frac-
tion All sizes . the fine-filament composites display excellent resistance to
nea at temperatues below 500C. However, the finest micostructures

have relativel little advantage If sustained service at higher temperatures Is
anticipated.
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SECTION 4

ANNEALING BEHAVIOR OF Nb FILAMENTS

4.1 CONCEPT AND APPROACH.

The strength of multlfllamentary composites can be degraded by annealing
of matrix and/or filament materials. The annealing behavior of Cu-Nb compos-
Ires Is commonly examined by monitoring electrical resistivity. Since Cu is a
much better normal state conductor than Nb, room temperature or elevated
temperature resistivity cannot reveal thermally induced changes in Nb fila-
ments. Although It Is commonly assumed that annealing of the Cu matrix is
responsible for strength loss at service temperatures below 500"C. the small
size of the Nb filaments suggests that they may also be vulnerable. While Cu is
always a normal state conductor. Nb becomes superconducting at very low
temperatures. As such, the superconducting properties of Cu-Nb composites
are governed by the Nb filaments. Moreover. the superconducting properties of
Nb are strongly Influenced by its deformation conditions. Therefore. the super-
conducting properties of Cu-Nb composites given various heat treatments
should reveal Nb annealing behavior.

Microfmentary composites of continuous Nb fibers In Cu matrices were
tested for superconducting transport properties after heat treatments at 200 to
900C. The critical current density at any given applied magnetic field was
reduced dramaticaly as the heat treatment temperature was increased. The
scaling relations describing the critical current as a function of applied field
shifted from conventional (-hji callng to higher order relations as the heat
treatment history was varied. Critical temperature transitions were abnormally
broad In the fine-filament composites exmmined. The upper critical fields and
transitio temperatures approached bulk values after severe heat treatment.

4.2 INTRODUCTION.

The effect of heat treatment on the nonsuperconducting electrical proper-
ties of mutil11am ntry Cu-Nb composites has been addressed by several
Investigations (15,6.9). Since the normal state conductivity of Cu Is so much
greater than that of Nb. these studles have served largely to Indicate the
annealig and Intefacial scatteing behavior of the Cu matrix as constrained
by the Nb filaments. Resistivity studies of Wt-situ composites as a function of
temperature have been purued to Indic the annealng behavior of the Cu
(15.6). Resistivity and thermal contraction observations of continuous filament
Cu-Nb composites have related matrix aealng behavior to the relief of large
residual strains InWduced during cold drawing to final wire size (9). However.
heat treatment at even moderate temperatures can be expected to alter the
p of the small Nb filaments as well as the surrounding Cu matrix. The
effects o heat treatment on the Cu and Nb can be partially separated by con-
sidering the supen behavior of the composites. Since the Cu matrix
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Is not superconducting the critical current and transition temperature of the
composites are governed by the properties of the Nb filaments. The present
work on continuous-filament materials produced by stack-and-draw methods
describes superconducting behavior in multifliamentary Cu-Nb composites in
which there Is little chance of filament contamination by matrix Cu during fab-
rication.

The heat treatment of Cu-Nb composite wires might change the supercon-
ducting properties by altering either the Cu matrix or the Nb filaments. Super-
conducting wires comprised of multifflamentary Nb3Sn in a bronze matrix
respond strongly to their residual stress states at 4.2 K (16,17). Recent •
experiments show that annealing cold-drawn Cu-Nb composite wires at tem-
peratures as low as 300"C can strongly alter the residual stresses present at
room temperature (9). Additionally, the residual stress state of the Nb
filaments at 4.2 K will be Influenced by the differing thermal contractions of Cu
and Nb as well as the possible complication of plastic deformation in an
annealed Cu matrix. The effect of heat treatment temperatures up to 900'C on
the internal structure of Nb filaments is not well defined. Moderately deformed
Nb single crystals have exhibited no thermally activated dislocation motion
below 1000C (18). Although 900*C is less than half the absolute melting point
of Nb, the coalescence observed in fine-filament Cu-Nb composites (19,20) Indi-
cates that major changes can occur within the Nb fibers at much lower temper-
atures.

The critical current density, j.. at an applied magnetic field, H, may be
enhanced or degraded as the filament size is decreased. At filament diameters
greater than I pm It is generally observed that increasing cold work enhances
thej, of Nb (21). Indeed, this trend as well as an adherence to Kramer (22)
scaling was indicated In the magnetization experiments of Mathur. Ashkin. and
Deis (23) for Cu-Nb composites having filament diameters of 7 to 18 pm. How-
ever, the quadruple extrusion composites of Cline. Strauss, Rose, and Wulff
(24) exhibited a decrease nj, as the filament size was taken below 160 rin.
This suggests that alternatve scaling relations may be required to describe flux
pinning in these materials. The present study defines Nb filament properties
as a function of annealing history by Mining the transport and critical tem-
perature behavior of coarse-filament and fine-filament Cu-Nb composites given
heat treatents at 200 to 900"C.

4.3 EXPERIMENT.

The continuous filament composites of this study were fabricated by the
Levi process as applied to Cu-Nb composites by Cline, Strauss. Rose. and Wulff
(25). In this method OFHC Cu tubes are first swaged and drawn onto Nb rods.
The resulting mono-ilament composite Is then hex-drawn and cut Into seg-
ments so that a billet can be assembled by stacking numerous hexes inside a
Cu pipe. After the billet is evacuated and welded shut, extrusion and drawing
operations are employed to reduce the composite to final wire size. Finer fila-
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ment sizes can be achieved if additional bundling, extrusion, and reduction
cycles are performed. Two composites designs were used in this investigation.
The "2.0K" composite is a single extrusion design possessing 1956 filaments of
3.1 pm nominal diameter at a 0.0254 cm diameter wire size. The "1.8m" com-
posite Is a double extrusion design utilizing 709 colonies of 2479 filaments
each to give 1.76 million filaments of 0.11 pm nominal diameter at a 0.0267 cm
wire diameter.

The dependence of critical current density on applied magnetic field was
measured to ascertain the effects of both fine-filament structure and heat
treatment on the superconducting properties of Cu-Nb composites. The mea-
surements were performed at 4.2 K with a four-point probe arrangement. The
usual IpV/cm transition criterion was used for samples placed In a magnetic
field provided by a NbTI superconducting magnet. Most wires were tested at a
nominal diameter of 0.026 cm in a transverse field through a current density
range of 10s to I05 amps/cm'. In all cases the field was set before sweeping
the current to obtain a transition.

The critical temperatures of 0.026 cm diameter composites were deter-
mined resistively. The specimens were attached to a jig containing a germa-
nium cryothermometer by four solder contacts. The jig was then inserted into
a Cu can wound non-Inductively with resistance wire. Placement of the can
and jig assembly in a 25 mm quartz tube allowed evacuation by a mechanical
pump prior to the Introduction of a small quantity of He transfer gas. After
immersion and equilibratn of the tube In liquid He. currents were applied to
the sample and thermometer. Power was then applied to the heater can to
gradually drive the sample through Its transition. An overall sample current
density of 30 amps/cm= was chosen to provide a better comparison with the
critical current measurements.

4.4 RESULTS AND DISCUSSION.

The superconducting properties of 0.026 cm diameter 2.0K and 1.8M
Cu-Nb wires were determined In the as-drawn condition as well as after two
hour heat treatments performed In a vacuum of better than 2 x 104 Torr at
temperatures ranging from 200 to 900-C. The overall critical current densities
as a function of applied field. j. vs. ,. for the 1.8M composite are shown in Fig-
ure 6. As the annealing temperature rises toward 700"C the critical current
capacity degrades monotonically. The curves for samples heat treated at 701"C
and 798C are essentiafly the same whereas a distinctly different character is
exhibited by the sample heat treated at the highest temperature.

The det of the scaling laws appropriate to the 1.8M data would
allow the definition of the upper critical field m. effective over the critical cur-
rent regime Investigated. The shape of the as-drawn 1.8M j. vs. H curve Implies
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FIgure 6. Logarithm of the critical current density (overall r, in
amps/cm') as a function of applied magnetic field for fine-
filament 1.SM Cu-Nb composites subjected to 2-hour heat
treatments at various temperatures.

a rapid reduction of the critical current density as the reduced field t =H/H is
increased. As In the case of ine-flament NbSn data (26). It was found that
such behavior failed to fit the Kramer (27) scaling law

F, -J.'Hu=. k,(l-h9.

Here. F, Is the flux pinning force density. j.' is the critical current density in the
filaments and K, is a constant for a gven sample and temperature. The asso-
cated (i-h) xapolation function for H is

The higher order -h scaling law employed successfully for the fine-filament

NbsSn data is
F,-=J'H -K -h)4 .

. correspondi hiher order extrapolation function becomes
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As can be seen in Figure 7 the (1-h scaling is much more appropriate than the
(1-h? relation for the as-drawn 1.8M wire. Note the linearity of the H, extrapo-
lation function as it indicates an upper critical field of 9.55 kG. The failure of
the more common (1 -h? relation In describing the critical current behavior of
as-drawn Cu-Nb wires Is not surprising. As noted in a discussion of Nb3Sn
flux pinning by Evetts and Plummer (28). there exist serious reservations con-
cerning the applicability of Kramer scaling relations to highly distorted struc-
tures. The cold work introduced by drawing to final wire diameter without
intermediate anneals will produce a high defect density in the Nb filaments.
Only after severe annealing will the internal structure of the Nb become more
consistent with the assumptions of the model.

1.8 M As-drawn

600 30

50 - -25

400 20

300- 15

200 -10

o 0

0 2 4 6 a 10
Applied Magnetic Field, kG

FIgure 7. Determination of H, by extrapolation of vriJ7H or "4r to the
applied field axis. Linearity implies that (1-k)' saling is
appropriate for this 1.8M as-drawn sample.

The appropriate scaling relation for the 1.8M composites changes at heat
treatment temperatures above 650C. The 798 and 901'C data conform
strongly to (1-ii scaling. Plots employed for the H, determination for the 901"C
sample are shown in Figure 8. The j, s. it data of this sample conforms closely
to the (1-k? scaling relation. Simillr results hold for the 798"C sample whereas
the 701 C sample conforms to either type of scaling only moderately well. A
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summary of the scaling parameters of the 0.0267 cm L.8M composite wires Is
given In Table 2. Further reductions In the 1.8M wire diameter resulted in a
loss of critical current capacity. As Indicated In Table 3 the as-drawn wires
continued to conform to the higher order (1-khr scaling. However, the degrada-
tion In j. with decreasing wire size was reflected not only in a reduction of H,,
but also in declining values of the slope of the extrapolation plots.

500 1 25

1.8 M, 901C

400- 20

E

IOOO (

a aa

0 ! 2 3 4 5
Applied Magnetic Field, kG

Figure 8. ermInation of H.2 by extrapolation of N4Z1T or sji7
to the applied field axis. Unearity implies that (1-h?
scaling is appropriate for this 1.8M sample heat treated
at 90 1"C for 2 hours.

The overall critical current as a function of applied field results for the
coarse-filament 2.0K composite are only qualitatively similar to those described
above. The j.vs.H characteristics of 0.0254 cm diameter 2.0K wires given
2-hour heat treatments up to 900C are shown In Figure 9. At any given heat
treatment condition the critical current capacity of the 2.0K wires Is Inferior to
that exhibited by their I.SM counterparts. The scaling behavior of the coarse-
fllamnent 2.0K composites is initially quite different than that shown by the
fine-filament wire. The critical current behavior of 2.0K wires In the as-drawn
condition and those annealed at temperatures below 450"C Is such that the
plot of bo&j, vs. m Is linear over the current density range Investigated. Interme-
diate heat treatment temperatures result in j. w. it behavior that can be repre-
sented by the (-hf scaling discussed above. As before, the highest heat
treatment temperatures yield curves that are consistent with (1-k)2 scaling.

16



Table 2. Values of H,, derived from fitting the 0.0267 cm IS8M , vs. H
data to (i -A? or (1- hr scaling.

Temperature of A to fit Correlation
2-hour anneal F,- K, r-(I -Isr Coefficient .

rC) Of ait (kG)

as-drawn 4 0.9992 9.55
204 4 0.9953 9.01
304 4 0.9993 7.55
407 4 0.9994 6.02
504 4 0.96 4.84
606 4 0.9985 4.00
701 4 0.9951 3.73
798 2 0.9994 3.53
901 2 0.9996 3.79

Table 3. Values of , derived from fitting . vs.H data of as-drawn 1 .8M
wires of various diameters to (1- ht scaling.

Wile a ato fit Correlatfon
dimtrF jr. -41 -,tr Coefficient Ift

1Cm) Offt (KG)

0MOM6 4 0.9974 9.67
0.0208 4 0.9988 9.01
0.0170 4 0.9980 8.20
0.0135 4 0.9949 6.67

This alloved the effective upper field to be deemndreadily for wires given
heat tetmet above 450C. For the wires given less severe heat tz eatments
the upper critca field was estimated as the 9 plied field tha would allow an
overall critical current density of 10 amps/cma. This Is consistent with the H.,
values obtained from application of the scaling laws to the other wires in the
sense that extra polation of their curves gives m., as the applied field at this
current density. The scaling ch-ceitc of the 2.0K wires are noted in
Table 4. The data Indicate that H., falls sharply as tMe heat treatment tempera-
ture is raised toward 650-C. As was the case with the 1.8M composite, heat
treatment of the 2.0K wires above 650C resulted In a limiting value of 3.6 kG
for the upper critical field.
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Fjgure 9. Logarithm of the eiucal current density (oveall r. in
amps/cm) w a function of applied magnetic field for
coarse-flament 2.0K Cu-Nb compoites subjected to 2-hour
heat trIetMents at various temperatures.

Table 4. Values of H., derived fm fitting the 0.0254 cm 2.OKi* w. H data
to (1-k? or (1-1 scaling.

1mpemtue dA ato At Correlaion
2-bow anned Fr, - -w Ca 0- "fat

Of At 09G)
in-*awn a " 9.1

204 8 8.7
304 a a 7.8
407 a a 6.6
504 4 0.9996 4.79
w.e 4 0.9982 4.07
701 2 0.9974 3.37
796 2 0.9961 34I
901 2 0.9992 3.61

The io&*J. v.H pkpt IsIbmar for theme oamplm
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The critical temperature T, of a superconductor is often taken as an indica-
tor of the quality of the material. As a comparison, a Nb single crystal tested at
a current density of 3.0 amps/cm' was found to have a relatively sharp
superconducting transition starting at 9.15 K and ending at 9.12 K. The 30
amps/cm2 T, results for the 1.8M and 2.0K composite wires appear in Figure
10. Under all heat treatment conditions examined the transitions for the 2.0K
wires are relatively shexp (< 0.09 K wide) with the transitions occurring in the
vicinity of 9 K. Samples of the 2.0K composite given two-hour heat treatments
at temperatures below 400"C have slightly broadened transitions. Also notable
is a significant depression and broadening in the superconducting transitions
of samples heat treated above 750"C. The characteristics of the critical temper-
ature transitions of the 1.8M wires are remarkably different. Under all but the
most severe heat treatment conditions the transitions are quite broad and
appreciably depressed. The effect of heat treatment at temperatures below
600"C is to depress the transition temperature while maintaining the breadth
of the transition. Heat treatments above 600"C tend to Increase T, and sharpen
the transition.

10
C)2.OK 01.8M

U. .M

8*

0. • 0

7
0 200 400 600 800 1000

Heat Treatment Temperature, °C

Figure 10. Critical temperature as a function of 2-hour heat
treatment temperature for 0.0257 cm 2.0K and 0.0267
cm 1.8M Cu-Nb composite wires. Squared and circles
denote the onsets and completions of the transition to
the superconducting state, respectively.
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4.5 CONCLUSIONS.

The critical current capacity of cold-drawn Cu-Nb multifllamentary com-
posites is significantly reduced by heat treatment at temperatures as low as
200C. Application of the appropriate scaling laws to the coarse-filament 2.0K
and fine-filament 1.8M data indicates that the reduction is largely the result of
a depression of the effective upper critical field. Shown In Figure 11 are the
effective H.1s governing the critical current behavior of the two composites in
the range of 100 to I05 amps/cm. As the heat treatment temperature was
raised from 200 to 600C H,. was reduced by more than 1 kG for each 100C.
Heat treatment at temperatures above 650C allowed the upper critical field to
reach a limiting value of about 3.4 to 3.5 kG with some recovery of H, after
annealing at 9000C. In addition, the critical current behavior of the 1.8M wires
subjected to heat treatments above 750"C conformed to the more usual (I-A?
scaling.

10

9 *1.8M

8 0 2.0K

-- 7
0

6
53
4 U
3
0 200 400 600 800 1000

Heat Treatment Temperature, 0 C

Figure 11. The effective upper critical field of 0.026 cm 2.0K and
1.SM wires as a function of heat treatment temperature.

The obuerved changes in H, upon annealing would seem to result from a
combination of stress rehef, recovery processes, and filament coalescence.
Stress effects can expain much of the critical current behavior in wires given
low temperature heat treatments. The higher tensile strength and lower vol-
ume fraction of the Nb filaments as compared to the Cu matrix allows high
residual tensile strains to be introduced in the filaments during cold drawing to
final wire size. DifferentIal thermal expansion experiments have shown that
the Nb filaments in the present 0.026 cm diameter composites have residual
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tensile strains of 0.4 to 0.75 percent at room temperature.s In the as-drawn
wires the tensile stress in the Nb filaments Is balanced by compressive stress in
the matrix Cu. However, since there is much more Cu than Nb In these com-
posites, the residual compressive stresses In the Cu matrix are of much smaller
magnitude than the tensile stresses n the Nb filaments. The higher residual
strain levels are associated with the fine-filament 1.8M composite because the
greater cold work and smaller Interfilament spacings In the fine filament mate-
rials produce a stronger Cu matrix. The effect of heat treatment Is to relieve
the residual strains by the relatively low temperature annealing of the Cu
matrix. Resistivity studies of these composites have shown that 0.026 cm
diameter 2.0K wires are fully annealed by heat treatments at less than 5000C.
Fne-filament 1.8M wires of similar diameter experience significant decreases in
resistivity beyond 6000C.3

The stress state of the Nb filaments Is particularly Important to the critical
current behavior of Cu-Nb composites. The application of tensile strains to as-
drawn or heat treated Cu-Nb composites can drastically enhance the critical
current capacity at 4.2 K according to

lo,,J, = me +b

where e is the applied strain and m and b are constants for a given sample.
applied magnetic field, and temperature conditions (29). An applied strain of I
% often Increases the critical current capacity by more than an order of magni-
tude. This suggests that the effect of the low temperature heat treatments of
this investigation is to relieve the residual tensile strains in the filaments of the
as-drawn wires by permitting relation and annealing of the matrix Cu. The
lower strain In the Nb filaments results In reduced critical current capacity
without internal structural changes In the filaments. This apparent reduction
in the upper critical field with reduced filament tension is consistent with the
observations of Hill and Rose (30) and Klein (26).

The present experimental results indicate that heat treatments performed
above 400C alter the Internal structure of the Nb filaments. The Cu matrix of
the coarse-filament 2.0K composite will be fully annealed by heat treatments at
450C. However, the R, values shown in Figure I I are still decreasing between
500 and BOC. In addftion the 2.0K critical temperature transitions described
by Figure 10 are sharpest between 500 and 700"C. Similarly, the sharpness
and midpoint temperature of the 1.8M superconducting transitions increase
with increasing annealing temperature above 500"C. Microscopic examination
of the fine-filament I.SM composite reveals that high temperature heat treat-
ments cause the closely spaced filaments to coalesce as shown In Figure 12.
Coalescence of the ISM fine-filament colonies would result in large porous
"filaments" similar in size to the filaments of the 2.0K composite. This Is Indi-
cated by the agreement of the ISM and 2.OK j, Ys. , m., and T, behavior In wires
heat treated above 550"C. The action of rapid Nb recovery processes is further
supported by electron microscopy of in-situ Cu-Nb composites. Verhoeven.
Downing Chumbley. and Gibson have observed the onset of Nb filament coars-
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eng at temperatur,.a as low as 320"C In fine-filament In-situ composites (15).
The ctional dependence of the critical current on the applied field is
determined by the defect structure responsible for flux pinning. Although (1-hs?
scaling is appropriate for wires possessing well annealed Nb filaments, other
relations such as the (i-h# scaling noted In this investigation are necessary to
describe flux pinning behavior In heavily deformed Nb.

as-drown I - H

(a)

2 hr 0 7000C I5,um r

(b)

FIgure 12. Cross-sections of representative colonies of the .SM
double extrusion composite are shown (a) In the as-
drawn condition and (b) after a two hour heat treat-
ment at 700C. Heat treatment has caused the 2479
Nb flaments of the as-drawn colony to coalesce into
a sponge-like structure. The matrix Cu has been
etched away to reveal the Nb morphology.
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SECTION 5

PULSED CURRENT FATIGUE OF Cu-Nb COMPOSITES

5.1 CONCEPT AND APPROACH.

The suitability of multiflHamentary composites of continuous Nb fibers In
Cu matrices for high stress conductors In pulsed current applications was
assessed by a novel electromechanical testing method described as pulsed cur-
rent fatigue. In this technique direct current pulses are applied to a vertically
oriented wire supporting a dead weight Expansion resulting from joule
heating during the pulse and contraction due to convective and radiative cool-
ing between pulses causes periodic mechanical loading of the wire during the
pulsed current cycling. Plots of fracture stress as a function of logarithm of
number of cycles or time serve to define the role of current level, pulse dura-
tion. and pulse frequency on the pulsed current life of composite conductors.
Flne-filament Cu-Nb composites exhibit pulsed current fatigue performance
that Is markedly superior to that observed in corresponding coarse-filament
materials.

5.2 INTRODUCTION.

Many pulsed current a cations require hih stength, hih conducttty
electrical conductor Projected pulse power requirements Include currents In
the range of klamps to me.amps, repetition rates up to 100 H& and pulse
widths of 100 --09 to 100 milliseconds (31). Apprecable stresses may
arise from Lorentz forces within coiled conductors or from post-pulse recoil
effectr. Weight and volume resrictIons Inherent in space and airborne systems
place a high priority on mechanial strong conductor materials. The pulsed
current fatigue method of conductor testing is intended to combine the
mechanical and thermal trauma that a conductor material might experience In
a pulsed current system. Although the operating environment and service pro-
tocol of Implemented pulsed current conductors will be dictated by their spe-
cific applications an experimental method was desired to discrimine between
good and poor conductor materials. A conductor exhibiting superior pulsed
curntfatie behavior will possess a favorable combination of electrical con-
ductivity. mechanical stength. and resistance to annealing.

Floe-moment Cu-matrix componstes are pi appealing for pulsed
current pplicatims because of their high tensie strengths,- appirecabl
resistance to anneallng and electrical conductivities approaching that of pure
copper. The strength relaionsps, annealing charcteritcs, and elastic
modulus of multifflamentary compo'tes have been determined in a number of
Cu-matrix systems such as Cu-W (2). Cu-Ag (3.4). and Cu-Nb (5-7). However.
most studies of fine-filament composItes have been performed on materials fab-
ricated by in-situ methods (3-7) to facilitate the preparation of fine flalment
aims. The strengths of large filament designs tend to obey the rule of mixtures
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(2). whereas the tensile properties of fine-filament composites often exceed lin-
ear combination predictions by large margins In both fcc-fcc (4) and fcc-bcc (7)
systems. The effect of heat treatment on the nonsuperconducting electrical
properties of multlfllamentary Cu-Nb composites has been addressed by sev-
eral investigations (6,9.15). Since the normal state conductivity of Cu is so
much greater than that of Nb, these studies have served largely to indicate the
annealing and Interfacial scattering behavior of the Cu matrix as constrained
by the Nb filaments. Resistivity and thermal contraction observations of con-
tinuous filament Cu-Nb composites have related matrix annealing behavior to
the relief of large residual strains introduced during cold drawing to final wire
size (9). However, heat treatment at even moderate temperatures can be
expected to alter the properties of the small Nb filaments as well as the sur-
rounding Cu matrix. The effects of heat treatment on the Cu and Nb were
largely separated by considering the superconducting behavior of the
composites. Klein and Rose (32) have shown that fine Nb filaments anneal sig-
nificantly at temperatures below 400C. The present work on continuous-
filament materials produced by stack-and-draw methods describes pulsed
current fatigue performance of coarse-filament (3 Am diameter) and fine-
filament (<O. 15 pm nominal diameter) Cu-Nb composites.

5.3 EXPERIMENT.

Pulsed current fatigue Is a materials testing technique in which periodic
thermal and mechanical loading of a wire specimen is achieved through the
application of a pulsed current. The ease with which pulsed current fatigue is
Implemented can be a by consdering the etal setup shown
in Figure 13. The system is designed to applyan axial load to a wire through
which current pulses are passed. The wire sample is held vertically between
the upper and lower grips. In practice It has proven convenient to fit the upper
grip rigidly to the upper crosshead of a tensile testing loadframe. The lower
grip assembly is comprised of a wire grip, a weight can, and a rod terminated
with a displacement transducer core. The body of the linear variable displace-
ment transformer (LVDI1 transducer is mounted onto the fixed crosshead of
the tensile loadfIrame. The LVDT allows thermally and me induced
length changes to be mniored during testing. Current flow through the sam-
ple is cmtrolled by a specialy fabricated pulser circuit. During each cycle the
pulser supplies a preset direct current for a short time interval, typically 10
msec, and no current for the rest of the period. The reference frequency
supplied by the functio generator determines the repetition rate at which the
current s ed by the lead-acid battery is applied. An osilloscope and digital
recorder are used to monitor the current pulsing and length fluctuations simul-
taneouS.

Application of a cyclic pulsed current to the sample changes both the tem-
perature and stress state of the wire. Due to the high current densities
employed, each pulse causes ab joule heating in the current-on
portion of the pulse. During the first few cycles there is little heat disspation
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Figure 13. A schematic diagram of the experimental setup for pulsed
current fatigue testing.

between the pulses because the w trre is only sighty higher than
the ambient room temperature. As the wire sample heats, convective and radi-
ation heat transfer Increase until the temperature rise during the current pulse
is balanced by the temperature drop between pulses. However, even after a
large number of cycles the thermal expansion and contraction during a pulse
period cause the wire to raise and lower the load resulting from the mass of the
lower grip-weight can assembly. Therfore, superiposed upon thermal
cyligof the wires is a periodic mechanical loading of the same excitation
frequency, that of the pulsed cueit. The combined thermal and stress
cycling under the influence of the current pulses leads to a sgnpificant reduc-
tion in load carrying capacity of the wie.

The cyclic history of a wire during pulsed current fatigue can be appre-
dated by c nsidering Its temperature and stress state as a function of time.
The limited travel of the dt transducer precludes following the
length chanes of a wire during warm-up to steady state conditions. However.
numerical modeling of pulsed current fatigue allows a complete history to be
calculated. Shown In Figure 14 are the calculated curves for temperature and
stress during 20 amp, 10 mec, 0 Hz pulsed current fatigue of a 0.0267 cm
diameter 30 vblune % Nb compu te supporting a mass of 1.8 kg. Each pulse
causes apreable heati of the wire, the effect being more pronounced at
lonr times due to the increase of wire resistivity with ncreasng temperature.
Howeve. since the rate of heat d o increases rapidly with rising tem-
perature the avera temperature over a cycle asymptotcally a hes a
steady state value. The axial stress in the wire is determined by a combination
f the pulsin codition, the lower grip assembly mass, and the composite

wire's m p. The applicaton of each current pulse changes
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the free (unladen) length of the wire in response to the temperature rise. The
resulting raising and lowering of the dead weight provides a mechanical distur-
bance that Initiates vibration of the wire-weight-can combination as a spring-
mass system. For example, in Figure 14 there are more than two stress
oscillations for each current pulse. That is, the lower grip assembly "bounces"
twice before the next current pulse disturbs the motion. Careful examination
reveals that there is observable attenuation in the amplitude of the second
bounce. Such damping characteristics are more evident under pulse condi-
tions causing more severe mechanical loading.

500-

o 400 -58

m o stress
q)0200- -29 (

Ln E 0.0267 cm 1.8M, 1.8 kg I)~150 100..1

20 amps, 10 msec, 10 Hz
0. 0

0 1 2 3 4 5 6 7

Time, sec

Flure 14. The calculated thermal and stress history of a wire sub-
jected to pulsed current fatigue. The parameters of the
numerical simulaton model were set to describe 20 amp.
10 mse, 10 Hz pulsing of a 0.0267 cm 1.8M composite
supporting a mass of 1.8 kg.

The interaction of the wire length oscillations with the applied current
pulse is best appreciated by examining the ch in wire length as a function
of time. Shown In FIgure 15a are calculated and experimental curves for wire
length as a function of time at steady state condtmions. In this case a lower grip
assembly mass of 0.91 kg was used to load a 0.018 cm wire under 30 amp. 20
msec, and 0.75 Hz pulse conditions. The only adjustment of the model
required to match the shapes of the experimental and model length curves was
the addition of a damping factor to account for the attenuation of the oscilla-
tions. These pulse conditions are particularly severe in that they cause a tern-
perature rise of -p-rcmaately 300C during each pulse. This would result In
an unladen length increase of approximately 0.74 mm during the current-on
interval. However, when the current pulse ends the lower grip assembly Is still
fing. The cooling wire must therefore arrest the downward motion of the
load mass. This causes a jerk on the sample wire that excites sinusoidal oscil-
lations of the wire-lower grip spring-mass system. The combination of the
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thermal expansion and the Jerk result in a laden length change of more than
1.2 mm under these pulse-load mass conditions. Naturally, the severity of this
Jerk Is reflected in the stress history. The length and stress values depicted in
Figure 15b were produced by the numerical simulation used to generate the
model length trace shown in Figure 15a. Close examination of the stress curve
reveals that the initial drop in stress associated with the current-on thermal
expansion is followed by a sharp increase associated with arresting the down-
ward motion of the load mass. The peak-to-peak amplitude of the stress oscil-
lations, 620 MPa. is more than 1.8 times the mean stress of 340 MPa. Under
these conditions the stress ranges from 670 MPa to 50 MPa during each pulse
period. Note also that the time of maximum tensile stress is nearly coincident
with the time of maximum temperature. Since increases in the severity of the
pulse will raise both the peak temperature and the peak tensile stress, conduc-
tor life should be remarkably sensitive to pulse conditions.

.4 RESULTS AND DISCUSSION.

The pulsed current fatigue method of conductor evaluation was devised to
assess the relative performance of candidate high strength electrical conduc-
tors In pulsed current applications. The variables Inherent in pulsed current
fatigue testing can be separated into conductor parameters and current pulsing
characteristics. The ability of the test to discrimite between candidate con-
ductors is demonstrated by eamining the relative performance of two compos-
ite wire designs differing mainly in filament size. The sensitivity of a conductor
to the severity of a current pulse was examined by applying pulse conditions of
similar average power but different pulse energy to the better conductor.

5.4.1 Fiament Size Effects.

The coarse-filament 2.0K Cu-Nb composite was considered as a medium
strength material obeying the rule of mixtures with respect to both mechanical
and electrical properties. At room temperature a 0.0254 cm 2.0K wire has an
electrical resistivity of 2.47 pohm-cm, a yield strength of 525 MPa (76 ks). an
ultimate tensile strength of 785 MPa (114 ks). and an elongation of 4.0 % over
a 10 cm gage length. Since high performance applications are of particular
interest, relatively large currents were applied to small wires. The pulsed cur-
rent fatigue behavior of the 0.0254 cm 2.0K composite wires was determined
with 10 me=c, 10 Hz direct current pulses. The 15 and 20 amp current levels
employed correspond to overall current densities of 3 x 10 and 4 x 104
amps/cm2 , respectively. As is usually the case with materials exposed to cyclic
trauma the number of cycles to failure is strongly dependent on the stress lev-
els employed. Representation of all the data on a single graph requires semilog
axes as shown in Figure 16. The vertical aids Is the static stress obtained by
dividing the weight of the lower grip assembly by the cross-sectional area of the
wire. The horizontal axis Is the number of pulse cycles to failure plotted
a-cording to logarithmic graduations. The 15 and 20 amp curves have similar
shapes consisting of two well-defined segments. each of which appears approxi-
mately linear on a semilog plot. The initial sharp drop of static stress with
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Increasing number of pulse cycles is attributed to the transient temperature
rise to steady-state conditions. During this period the warming of the wire
reduces its tensile strength until the load applied by the dead weight results In
an overload condition. After reaching a steady state average temperature the
wires are subjected to a combination of cyclic mechanical loading and creep.
Under these conditions the wire gradually degrades through accumu-
lated annealing and mechanical damage. In comparing the two curves of Fig-
ure 16 It should be remembered that the joule heating input at the 20 amp
level Is approximately 1.8 times that at the 15 amp condition. Actually. the
difference is probably greater due to the Increase in resistivity at elevated tem-
peratures.
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FIgure 16. Pulsed current fatigue results of 0.0257 cm 2.0K wires
resulting from 10 msec, 10 Hz pulsing at 15 and 20 amps.

The 1.8M composite wires possess outstanding tensile properties as a
result of their fine-filament structure. For example, a 0.0267 cm 1.8M wire has
a yield strength of 765 MPa (I 11 ksi) and a tensile strength of 1360 MPa (197
k}l) with a 3.8 percent elongation relative to a 10 cm gage length. The only
drawback of fine-filament designs with respect to conductor applications lies in
some compomlse of electrical properties. The 2.98 plohm-cm electrical
resistivity of an as-drawn 0.0267 cm diameter 1.8M wire is 1.2 times that of a
2.0K wire having a similar Nb volume fraction. As such, the application of
similar cunrt pulses to the 2.0K and 1.8M wires of the same diameter will
cause more heating In the fine-filament composite. In spite of this, the pulsed
current fatigue performance of the 1.8M wires is markedly superior to that of
the 2.0K wires. As shown in FIgure 17, 0.0267 cm diameter L.SM wires can
still support a static stress of 1050 MPa (152 ksl) after ten thousand cycles of
15 amp, 10 msec, 10 Hz pulsed current fatigue. This Is more than twice the
stress that the 2.0K wires can bear under the same pulse conditions. The
superiority of the fine-filament material is even greater under more severe
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pulse conditions. The 1.8M wires have a fracture stress of more than 600 MPa
(87 ksl) after ten thousand cycles of 20 amp, 10 msec, 10 Hz pulsed current
fatigue. The 2.0K data Indicates a fracture stress of less than 200 MPa under
similar conditions. The much more severe 25 amp. 10 msec. 10 Hz pulse con-
ditions result n 1.8M fracture stresses of less than 300 MPa at long times.
The average steady state temperature calculated is apparently too high for
sustained high stress operation.
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Figure 17. Pulsed current fatigue results of 0.0267 cm 1.SM wires

resulting from 10 msec, 10 Hz pulsing at 15, 20, and 25
amps.

5.4.2 Pulse Energy Effects.

The cycli mechancal loading Inherent In pulsed current fatigue arises
from the arresting action of the sample wire on the downward motion of the
lower grip mass immediately after the end of a pulse. The severity of the post-
pulse Jerk is governed by the sharpness with which the wires are heated during
a pulse. During the application of a direct current pulse the temperature rise
and hence the unladen length of the wire will be nearly linear with respect to
time. That Is. direct current heating tends to extend a conductor at constant
velocity. However, the vertical drop of an unsupported lower grip assembly
would vary as the square of time under the influence of gravity. A low current
pulse results In a low heating rate that allows the descending lower grip assem-
bly to keep up with the extending wire. A long pulse, even one of high current.
eventually allows the accelerating lower grip assembly to catch up to the
extending wire. Generation of the most severe loading therefore requires rapid
heating of the sample wire over a short time interval. Smaller diameter fine-
Rlament wires provide a means of achieving pulsed current fatigue conditions
of great mechanical severity at readily attainable current levels.
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The selection of the 1.8M composite design for the pulse energy trials was
due to the superior performance of the fine-filament composite In the previous
section. The mechanical and electrical properties of the 1.8M wires are notice-
ably dependent upon wire :11ameter. Smaller wires have reduced interfilament
spacings that enhance tensile properties at some expense of electrical
conductivity. For example, as-drawn 0.018 cm diameter 1.8M wires have a
yield strength of 864 MPa (125 ksi), a tensile strength of 1680 MPa (244 ksi),
an elongation of 5.3 % (over a 10 cm gage length). and an electrical resistivity of
3.01 pohm-cm. To demonstrate the Influence of mechanical severity on pulsed
current fatigue behavior three pulse conditions possessing similar heating
characteristics were selected. The average temperature of a wire Is primarily
dependent on the power that must be dissipated. The average power P. over a
pulse cycle is given by

P12t pl
T A

where I is the current during the pulse, t is the duration of the pulse. T is the
period of the pulse cycle and p, 1. and A are the resistivity. length. and cross-
sectional area of the wire. Here. it is assumed that the variations of resistivity.
length, and area with temperature and loading are represented by appropriate
average values. Noting that the period of the pulse cycle T is simply the reci-
procal of the pulse frequency, the dependence of the average power on the
pulsing conditions becomes

P. a 12 tv

where v is the frequency. In comparison, the energy per pulse does not depend
on the frequency of pulsing. Once again ignoring variations In length, area
and resistivity, the dependence of pulse energy

E ai 2 t

is governed by the current and duration of the pulse. The three pulse condi-
tions given in Table 5 were chosen to share the same i'ev while differing In
E a 2t. Note that the three sets of pulse conditions differ in frequency as well as
current and duration. The best comparison between pulsed current conditions
of similr average power but different frequency is provided by plotting the
experimental static stress values as a function of time rather than number of
cycles. As before a logarithmic scale for the abscissa allows all the data to be
shown on a single plot. As shown In Figure 18, the differences In pulse energy
result in large variations in the ability to bear stress. Under the least severe 10
amps. 10 msec, 13.5 Hz pulse conditions (lt a 1 aml-sec) a static stress of
970 MPa can be supported for one thousand seconds. As ,2t i increased to 6
and IS amp-sec the maximum static stress at a thousand seconds is reduced
to 575 MPa and 250 MPa, respectively. Two factors are important n producing
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this dramatic sensitivity to pulse energy,. maximum stress and peak tempera-
ture. The length and stress oscillations shown in Figures 15a and 15b were
obtained for the 350 MPa static stress point of the 30 amp. 20 msec. 0.75 Hz
(18 amp-sec) data. It is Interesting to note that the maximum dynamic stress
attained under these high pulse energy conditions is less than the static stress
that can be supported under the lowest pulse energy conditions. Even though
the stress oscillations are quite severe, the peak value of 671 MPa is far below
the static stress levels sustainable under the 10 amp, 10 msec. 13.5 Hz pulse
conditions. However, although the average wire temperature Is nearly the
same under the three pulse conditions, the maximum wire temperatures differ
greatly.
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Figure 18. Pulsed current fatigue results of 0.018 cm 1.8M wires

resulting from three pulse current fatigue conditions
having the same average power input The lifetime of the
conductors Is reduced sharply as the pulse energy Is
increased.

Table 5. Pulsing conditions, 12tv. and 1Ou applied to 0.018 cm diameter
1.SM wires.

current !. dumratlo. frequmneyv. J. 12tv, 12t.
(amps) (maec) OW (amps/an') (amnp' (amp'-aec

10 10 3.5 38.900 13.5 1
20 15 2.25 77.700 13.5 6
30 20 0.75 116.000 13.5 18
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Fracture surfaces demonstrate the differences in failure mode observed in
pulsed current fatigue testing. The initial steeply downward segments of the
curves in Figures 16, 17, and 18 are attributed to overload conditions. As the
average temperature of a wire approaches a steady-state value Its ultimate ten-
sile strength is reduced. When the ultimate tensile strength Is reduced to the
level of the applied stress, the wire fails. Since all of the wires of this
investigation are ductile at room temperature, their failure by tensile overload
should produce a ductile fracture. As shown in Figure 19a, the fracture sur-
face obtained under such conditions exhibits a ductile cup-and-cone morphol-
ogy in which the exterior shear IUps surround a dimpled concave interior. This
particular fracture was obtained from the initial pulsing of a 0.018 cm diameter
1.8M wire under high current density conditions. The ductility is quite
remarkable when the high tensile strength of the conductor is considered. The
lower loads required to extend sample life beyond 100 cycles correspond to
static stresses considerably less than the tensile strength. As expected, the
long-cycle fracture surface shown in Figure 19b indicates failure by a less duc-
tile mechanism. Themost obvious difference is the near 45" inclination of the
fracture surface to the axis of the wire. This suggests that shear deformation is
an important factor in the failure mode. The fracture surface is comprised of
three relatively distinct areas: the rim and two interior zones. The perimeter of
the 1.8M composite is comprised of a filament-free zone of low strength and
poor resistance to annealing. The ductility of the perimeter Cu layer is evi-
denced by several cracks or tears around the rim. In contrast, the interior
filament-laden high strength region exhibits a much less ductile mode of
failure. The darkened portion of the interior near the top of the micrograph
shows a reglon that had been exposed before the fracture of the wire. The
larger, lighter interior region is characteristic of essentially brittle failure ema-
nating from the previously exposed Interior zone. The failure probably started
by the exposure of the Interior colony structure by shearing of the filament-free
outer layer. A gradual progression of the crack into the Interior resulted in the
darkened region. The resulting overload and stress concentration caused frac-
ture of the remaining cross-section.

5.5 CONCLU SONS.

A novel test method called pulsed current fatigue was developed to evaluate
potential pulsed current conductors. In this technique a periodic pulsed cur-
rent Is applied to a sample conductor wire -prting a dead weight against
the acceleratn of gravity. The thermal e o resulting from joule heating
of the wire causes cyclic mec.hancal loading along the axis of the wire. The
rapid expansion and contraction caused by the thermal cycling introduce oscil-
lations of the wire-weight spring-mass system The pulsed urrent fatigue per-
formance of fine-filament Cu-Nb composites were found to be markedly
superior to that of their coarse-filament counterparts. By comparing different
pulse conditions having the same average power Input, it was shown that a
more severe pulse can drastically reduce the load mass that can be supported
for a given time.
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(a)

(b)

Figure 19. Fracture surfaces of 0.018 cm I.8M Wires subjected to
a) 10 amp, 10 msec, 13.5 Hz. 1380 M[Pa and b) 30 amp,
20 msec. 0.75 Hz. 345 MPa pulsed current fatigue.
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SECTION 6

Cu-Ag COMPOSITES

6.1 CONCEPT AND APPROACH.

The multlf lamentary composites of this study are intended to obtain the
best combination of high mechanical strength and low electrical resistivity. In
the case of the Cu-Nb composites of the proceeding sections both the Nb fila-
ments and the Cu matrix contribute to their rmarkale mechanical strength.
However, because Nb has such a high resistivity only the Cu matrix provides
an effective path for electrical conduction. Electrically, the Nb filaments can
almost be considered as insulators. The substitution of a high conductivity
fiber metal for Nb should significantly enhance the electrical performance of
multiftlamentary composites.

The choice of an alternative filament material must be made on the basis of
mechanical strength, electrical resistivity, and phase diagram limitations. The
high mechanical strength of Cu-Nb compsites Is derived from work hardening
of fibers and matrix and the deformation mismatch between Cu and Nb. To
retain these ste n mechanisms the fiber material must be amenable to
cold work without annealing and crystallographicalny dissimilla to the Cu
matrix. High electrical conductivity requires the use of a semi-noble or noble
metal for the fiber phase. The basic phase diagram limitation is that no brittle
phases be formed during billet fabrication The best cmnp mIse between
these factors and cost Is provided by employing Ag as the fiber phase. Ag has
excellent ductility, higher electrical conductivity than Cu. and favorable Cu-Ag
phase diagram relatonships. The only apparent drawback Is the crystallo-
graphic silahrty to Cu. Since both Cu and Ag are face-centered metals, they
differ crystallographicay only In lattice parameter. However, Frommeyer and
Wamssrmann (3.4) have fabrticated high strength Cu-Ag wires using an ft-situ
process. This section describes the first investigation of continuous-filament
Cu-Ag composites.

6.2 SPECIFIC Cu-Ag COMPOTES.

The n3bufilamentary Cu-Ag compostes of this study were fabricated In-
house by WC Laboratorles. Because continuous-filament Cu-Ag composites
had not been fabricated preiously. an ntentnaly servative design was
devised. Sub-micron filament diameters were obtained by using a double-
extruion fabrication process. The first-extrusIon "I.2K" composite design has
1191 filaments of 4.2 pm nominal diameter at a 0.0254 cm diameter wire size.
A cros-section of a 0.195 cm (0.077 Inch) diameter coarse-filament 1.2K com-
posite wire is shown in Fgure 20a. The thick perimeter can and hgh 0.32 Ag
volume fraction result in some crowding of the filaments In the 1.2K design.
The double-exusIo "1.3M" composite design utilizes 1115 colonies of the
1.2K composite to give 1.33 million filaments of 0.11 ptm nominal diameter at a
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0.0254 cm wire diameter. A scanning electron micrograph of a portion of the
cross section of a 0.073 cm (0.029 inch) fine-filament 1.3M composite wire is
shown in FIgure 20b. Because of the conservative design of the 1.2K composite
wire feedstock used to stack the 1.3M billet there is a thick filament-free Cu
region between the colonies. This necessarily results In some compromise of
strength because a significant portion of the Cu matrix does not benefit from
the presence of the reinforcing filaments. Special efforts, such as centerless
grinding of the first extrusion and use of a thinner perimeter can, would allow
a more uniform filament distribution.

Both of the Cu-Ag composites of this study are continuous filament
designs. Each filament extends throughout the length of the wire, whether the
length be I cm or several kilometers. A significant benefit of the continuous
design Is an extraordinary uniformity of properties both along each wire's
length and between wires of Identical specification. Each filament of a given
design has received the same deformation and should have uniform properties.
However, there are three distinct Cu regions in the 1.3M composite that are
expected to have different physical characteristics. Because the interfilament
Cu is finely partitioned by the Ag fibers, it receives severe mechanical deforma-
tion during wire drawing to final size. This allows the strength of the interfila-
ment Cu to increase rapidly as the deformation proceeds. Sinee the
filament-free Cu between the colonies and in the perimeter can of the 1.3M
composite Is less severely constrained, it will exhibit lower mechanical
strength, The specifications of the composites are summarzed in Table 6.

Table 6. Design parameters for the 1.2K and 1.3M Cu-Ag composite
wires.

Canpst Den~gnation 1.2K LSMW
Number olCok 1 1115
Fllisper Colny 1191 1191
Total Nunber oFllmtmmu 1191 1.33 10
Overall Ag Volume Fhcton 0.32 0.23
Local Nb Volume Frctin 0.44 0.44
Naal Fler Djrneter
at 0.054 em wke Mw 4.2 pam 0.11 in

6.3 RESULTS AND DISCUSSION.

Sinc the 1.3M Cu-Ag composite Is intended to be an Improvement over the
fine-filament Cu-Nb designs. it is natural to compare its mechanical and elec-
trical properties to those of the 1.8M and 2.2M wires. The ultimate tensile
strength of the 1.3M Cu-Ag. 1.8M Cu-Nb, and 2.2M Cu-Nb compoites are
shown as a function of root reciprocal wire diameter in FIgure 21. At all wire
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sizes the Cu-Ag composite is weaker than its Cu-Nb counterparts. This is a
result of three factors. Since Ag is inherently weaker than Nb. the initial
strength of the Cu-Ag composite is less than that of the Cu-Nb wires. Addition-
ally, the uneven filament distribution across the Cu-Ag composite leaves a sub-
stantial portion of the cross-section unrelnforced. The lower slope of the Cu-Ag
curve of FIgure 21 indicates that the crystallographic similarity of Ag and Cu
provides a strengthening m that is less rapid than that inherent In
Cu-Nb wires.
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FIgure 21. Ultimate tenale strength as a function of root reciprocal
wire size for the fine filament 1.3M Cu-Ag. 1.8M Cu-Nb,
and 2.2M Cu-Nb composite wires.

The Cu-Ag composite was fabricated to benefit from the high electrical con-
ductivity of Ag. Since the resistivity of Ag Is actually less than that of Cu. the
Cu-Ag wires should enjoy an appreciable resistivity advantage over the Cu-Nb
samples. The resistivity of each of the three compotes as a fimction of reci-
procal wire size is shown In Figure 22. For all wire slzes Investigated, the
resistivity of the 1.3M Cu-Ag composite is less than those of the Cu-Nb
compoMtes. foreover, the linearity of the Cu-Ag pw.Vd plot prevails over the
entire size ran Inve eted. At the largest wire sizes the resistivity benefits
are essentially those expected by the replacement of the resistive Nb with con-
ductive Ag. That Is. the large diameter 2.2M wires are approximately 20% and
the L.SM wire are more than 30% more resistive than the Cu-Ag wires. At the
smaller wire sizes (higiher Id values) the disparity Is even more pronounced.
this Implies that the dislocation density increases less rapidly in the Cu-Ag
compostes than In the Cu-Nb wres. Nb seems to be a significantly more
aggrMMiv reinforcing phase than Is Ag. T1hi is not x gWen the simi-
larity of the Cu and Ag face-centered lattices. However. the fact that the linear-
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Ity of the Cu-Ag plot extends to the finest wire sizes suggests that the 1.3M
composite could be drawn to finer Interfilament spacings than were possible
with the Cu-Nb wires.
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Rpgue 22. Electrical resistivity as a function of reciprocal wire size
for the fine filament 1.3M Cu-Ag 1.SM Cu-Nb. and 2.2M
Cu-Nb compoit wires.

The deformation Inherent In room temperature wire drawing Introduces a
larye degree of cold work in the composite wires. The major Influence of this
de- - -tMo on the microstructure Is to increase dramatically the density of
defects. The defects, predominantly crystal lattice distortions called disloca-
tions. act to hinder further defomation of the materials. Heavily deformed
materials such as small wires tend to be strong by virtue of a their high
dislocation densities. In the present case of fine-filament composites both the
filaments and the matrix are known to experience dramatic rises In dislocation
density as the wires are deformed during drawing The distortion of the micro-
structure Inherent in dislocations acts to disrupt electrical coutin -on. An
Indication of the d density in the Cu can be gaied by csidering the
electical resistivity of the wires. The lower slope of the Cu-Ag line in Figure 22
can only partially be explained by the higher electrical ducttvity of the Ag.
This Indicates that the closer match In matrix-filament deformation Inherent In
the Cu-Ag system produces a lower work hardening rate than that which pre-
vails in the case of Cu-Nb. This does not mean that high strengths cannot be
attained In the Cu-Ag system. It does Imply that more deformation and finer
filament sizes are required to access the highest strength levels.

The fne-flament 1.2K data Is fitted by a single straight line Indicating that
electrical resistivity is gien by
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The experimental results of Rider and Foxon (12) and the theoretical consider-
ations of Brown (13) suggest that Cu resistivity is directly proportional to dislo-
cation density with a Cu dislocation resistivity on the order of 2 x 10"  rcm.
Therefore the dislocation density in the Cu-Ag curve of Figure 22 curve Is given
by

Noting that the dependence of strength on dislocation density is given by
a-a, +kpJ;- (14), the dependence of strength on wire size becomes

k

which is the Hall-Petch relationship. Thus the strengthening behavior noted in
the Cu-Ag composites of this study Is consistent with both the spacing of barri-
ers (the Cu matrix-Ag filament Interfaces) and the increase i dislocation den-
sity (form wire drawing deformation).

From an applications vi t, It is the tradeoff between strength and
electrical conductivity that is most important It is Important to determine
whether fine-filament Cu-Ag composites provide a better tradeoff than their
Cu-Nb counterparts. This Is addressed by Figure 23 in which the electrical
conductivitles of the three fine-flament composites are plotted as a function of
ultimate tensile strengths. For each composite conductivity is linear with
respect to ultimate tensile strength. However, the 1.3M Cu-Ag line cearly lies
above the single line fitting the l.SM and 2.2M Cu-Nb data. Thus, the Ag fla-
ments do provide a better conductIvity-strength combiaion. The extra-
polatlon of the Cu-Ag data to higher strength levels Indicates that the
advantage should Increase as the strngth Increases.

6.4 CONCLUSION.

The hstreigtenz, o fine-filament Cu-Ag composites with decreasing wire
size is deseribed by a Hali-Petch (10.11) relationsh1p oa,+k4. It is Ikely that
the strezngening occurs through a combination of Interface barriers and dislo-
cation density. The resistivity of wire of different sizes is clely described by
p -p. +kd. In considering the tradeoff between electrical conductivity and
mechanical strength, the fine-filament Cu-Ag wires are clearly superior to their
Cu-Nb e ra . However, the strengthening provided by the Ag filaments
is apparently not as rapid as that observed In Cu-Nb composites. Although the
conservatve 1.3M design did not provide access to the highest strength levels.
the path to higher Cu-Ag strength is evident. By scorporating some relatively

40



0.55- 94.7

E 0.0--a 1.3M Cu-Ag -86.1

1 0.45---7 .
E V

0.30 0 1 8M Cu-N -51.6

0.25- 02.2MCu-b -43.0

0.20 34.4
600 800 1000 1200 1400 1600 1800 2000

UTS, MPa

Figure 23. Electrical conductivity as a function of ultimate tensile
strength for the fine-filament, 1UM Cu-Ag. 1 .M Cu-Nb,
and 2.2M Cu-Nb composite wires.

stralghtformwl steps In the fabdcationprocess the distribution of filaments can be made
much more uniform. This wi Wxend the fine-flBIment strengthening mechanism to the
entire composite cross-section. Additonaly, the utilization of finer sized Ag in the initial
billet wi alow finer Interfilainent spacings to be accessed at larger composite dame-
ter& The fact that the Cu-Ag stngth and resistivty curves show no tendency to satu-
rate Indicates that more strengthening would be available In a second-generation
composite.
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SECTION 7

RECOMMENDATIONS

The mechanical and electrical properties of continuous-filament Cu-Nb and
Cu-Ag composites have been surveyed. The microfilamentary Cu-Nb compos-
ites were found to have excellent mechanical strength, good electrical conduc-
tivity, substantial resistance to annealing, and remarkable pulsed current
fatigue capabilities. As such, the fine-filament Cu-Nb composites should be
considered as an excellent material for high strength electrical conductors.
They could be employed in wire. rod, or plate form. Consideration of
continuous-filament Cu-Nb composites as monolithic load-bearing members
would necessitate the characterization of a large-scale composite in which fine
filament sizes were available in rod or plate rather than wire form. Naturally. a
more complete characterization of electrical and mechanical properties would
be required for specific applications. For example, the transverse properties of
these materials have not yet been determined.

The Cu-Ag composites present an interesting alternative to the Cu-Nb sys-
tem. The anticipated electrical conductivity advantage afforded by Ag filaments.
was confirmed. Indeed, extrapolation of their conductivity vs. strength
behavior indicates that the advantage of Cu-Ag over Cu-Nb will Increase at the
higher strength levels. However, since Ag Is not as aggressive as Nb with
regard to developing strength by cold work, the strengths of the present Cu-Ag
wires do not approach those of the best Cu-Nb samples. Although the present
data suggests that higher strength levels can be accessed, a second-generation
Cu-Ag composite program would be required for demonstration.
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APPENDIX B

PUBUCATION

One publication resulting from this research project has already appeared:
"The Effect of Heat Treatment on the Superconducting Properties of Cu-Nb
Composites" by J.D. Klein and R.M. Rose. J. Appl. Phys. fZ 930 (1990).

A copy of this paper follows.
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The effect of heat treatment on the superconducting properties of
Cu-Nb composites
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(Received 31 July 1989; accepted for publication 28 September 1989)

Microfilamentary composites of continuous Nb fibers in Cu matrices were tested for
superconducting transport properties after heat treatments at 200-900 C. The critical current
density at applied magnetic field was reduced dramatically as the heat treatment temperature
was increased. The scaling relations describing the critical current as a function of applied field
shifted rom conventional (1 - h) scaling to higher-ordet relations as the heat treatment
history was varied. Critical temperature transitions were abnormally broad in the fine-filament
composites examined. The upper critical fields and transition temperatures approached bulk
values after severe heat treatmenL

L INTRODUCTION structure of Nb filaments is not well defined. Moderately

The effect of heat treatment on the nonsuperconducting deformed Nb single crystals have exhibited no thermally ac-
electrical properties of multifilamentary Cu-Nb composites tivated dislocation motion below 1000 C.' Although 900 C
has been addressed by several investigation.3 S"ince the is less than half the absolute melting point of Nb, the coales-

normal-state conductivity ofCu is s much greater than that cence observed in fine-filament Cu-Nb composites' indi-
of Nb, these studies have served lrgjy to indiate the an- cates that major changes can occur within the Nb fbm at
nealing and interfacial scattering behavior of the Cu matrix much lower temperaturs
as constrained by the Nb filaments. Resistivity studie of In Te critical current density J, at an appld magnetic
tu composites as a function of temperature have been pur- field H may be enhanced or degraded as the fiment size is

sed to indicate the annealing behavio of the Cu.' dereased. At filament diameters greater than I pm, it is
tivity and thermal contraction obervabons of continuous s aerllyobWervead that increasng cold work oh theJ,
filament Cu-Nb composite have rd matri .nesof Nb.' Indeed, this trend as well as an adherence to
behavior to the reliefofl residul straim aoduced due- Kra'° scling was indicated in the magnetiztion expen -
ing cold drawing to fial wire s=z 3 However, beat tre- mentssofMathur, Ashkin and Deis" for Cu-Nb composites
ment at even moderate temperatu can be expected to alter having filament diametes of 7-18 pm. However, the qua-
the properties of the small Nb Illaments as well a the - druple extrusion composites of Cline et l." eh'bited a de.
ronding Cu matrix. Theffects ofhest treatment n the Ca case in J. as the filament size was taken below 160 im.
and Nb can be partially seprald by considering the super- This suggests that alternative scaling relations may be re-
conductn behavir of the c=o ie Since the Cu matriz quired to describe lux pinning in these materials. The pres-
is not & uctig the aci curre n t-msiti.n ent study defes Nb filsment properties a a function of
temperature of the composites am governed by the proper- annealing history by examning the transport and critical
ties of the Nb filaments. The present work on continuous- temperature behavior of coane- and fine-filament Cu-Nb
filament materials produced by stack4and-draw methods de- poites, given beat treatments at 200-90 "C
scribes sup nductin behavio in lIm
Cu-Nb composits - which there is litde chance of filuent IL EXPERIMENT
contaminatio by maix Ca during fbrtication. The continuous-filament composites of thi study were

The heat tistum t of Cu-Nb composite wires might fabricated by the Levi process as applied to Cu-Nb compo-
change the superconducting properties by altering either the stes by Cline et.l"' In this method OFHC Cu tubes are
Cu matrix or the Nb filaments. Su oducting wires con- At swged and drawn ato Nb rods. The resulting monoi-
prised of multiflamentary Nb, Sn is a bronze matrix re- lament composite is then bex-drawn and cut into segmeuts
spond strongly to their residual stress stntes at 4.2 K.4 Re- so that a billet can be assembled by stacking numerous hexes
cent experiments show that annealing cold-drawn Cu-Nb inide a Cu pipe After the billdet ia evacuated and welded
composite wires at temperatures as low as 300 "C can strong- shut, extrusion and drawing operations are empyWed to re-
ly alter the residual stresses prem at room temperature duce the compoite to final wire size. Fner filament sizes can
Additionally, the residual &e state of the Nb filaments at be achieved if additional bundling, extrusion. and reduction
4.2 K will be inflenced by the differing thermal contrac- cyces are performed. Two composite desigus were used in
tions of Cu ad Nb a well as the possible complicaton of this investigatio The "2.GK" composite is a sgle extru-
plastic deformation in an annealed Cu matrix. The effect of simo design possessing 1956 filaments of 3. !-am bominal di-
heat treatment temperatures up to 900 OC on the internal ameter at a 0.0235-cm-dim wire size. The ".W" compos-

no J. AppiL Phs. h 7 Ml. 15 Ammy 1660 001 4 .75/60/02058004 .O0 * 1050 AmotlonM nuias Phyl 30
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ite is a double extrusion design utilizing 709 colonies of 2479 The determination of the scaling laws appropriate to the
filaments each to give 1.76 x 106 filaments ofO.1 1-p nominal L.SM data would allow the definition of the upper critical
diameter at a 0.0267-cm wire diameter. H, effective over the critical current regime investigated.

The dependence of critical current density on applied The shape of the as-drawn IBM J,-vs-H curve implies a
magnetic field was measured to ascertain the effects *f both rapid reduction of the critical current density as the reduced
fine-filament structure and heat treatment on the supercon- field h = H/H, is increased. As in the case of fine-filament
ducting properties of Cu-Nb composites. The measurements Nb3 Sn data,'4 it was found that such behavior failed to fit
were performed at 4.2 K with a four-point probe arrange- the Kramers scaling law
ment. The usual l-pV/cm transition criterion was used for
samples placed in a magnetic field provided by a NbTi super- F,= J H = K5 IF( 1-h)2 .
conducting magnet. Most wires were tested at a nominal Here F is the flux pinning force density, J; is the critical
diameter of 0.026 cm in a transverse field through a current current density in the filaments, and K, is a constant for a
density range of 10;-10' A/cm2 . In all cases the field was given sample and temperature. The associated (1 -h) ex-
set before sweeping the current to obtain a tra- ition. trapolation function for H,. is

The critical temperatures of 0.026-cm-diam composites H
were determined resistively. The specimens were attached to 4 = _ W_-
a jig containing a germanium cryothermometer by four sol- HE
der contacts. The jig was then inserted into a Cu can wound The higher-order ( I _ h) I w
noninductively with resistance wire. Placement of the can aw employed successfl-

and jig assembly in a 25-mm quartz tube allowed evacuation ly for the fine-filament Nb 3 Sn data is

by a mechanical pump prior to the introduction of a small F, = JH =K (l-h)'.
quantity of He transfer gas. After immersion and equilibra- The corresponding higher-order extrapolation function be-
tion of the tube in liquid He, curens were applied to the come
sample and thermometer. Power was then applied to the
heater can to gradually drive the sample through its transi- "4,' J-4=H - J 4  K
tion. An overall sample current density of 30 A/cm2 was H, 4/" -
chosen to provide a better comparison with the critical cur- 2s

rent mesuremnmts. As an be seen in Fig. 2,the (I h)4 scaling is much me
appropriate than the (1 - h) 2 relation for the a-drawn

IlL RESULTS AND DIJCUSSION I.AM wire. Note the linearity of the H, extrapolation func-
The supercducting prope s of 0.026.cmim onti a it indicates an upper critical field of 9.55 kG. The2.01 and iBM C-Nb wires were deteined in the as- film of the more common (1- k) relation in describing2.OKandIAMCa-Mwirs wre eumied n te W the critical current behavior of as-drawi Cu-Nb wires is not

drawn condition as well as after 2-h heat treatments per-
formed in a vacuum ofletter than 2 x 10- 6 Toirrat tempera-
tures ranging from 200 to 900 'C. The overall critical curnt
densities as a function of applied fWd, J. vaH, for the I.8M 1.8 M As-dm
composite are shown in Fig. I. As the annealing temperature
rises toward 700 C, the critical current capacity degrades so
monotonically. The curves for samples beat treated at 701
and 798 "C are essentially the same where a distinctly dif-
ferent character is exhibited by the sample heat treated at the
highest temperature

400- to

S. N .M 002676 0 1 9
2 in at temgosar a 201C30. 1

a 304"9C)

'& * OWC
g•7019C too-1

Tomoo

Applied Magnetl Field. kG

FIG. I. Lepikathaci" nlsuzeI 1- (eeE , aaO me NO- . Dd~nbmJNaaoIf, 11 ePk 1Wm fta4.-Xa .rj to hs
ihmdmappbid slsld fr t"W~daa ISN C-Nbuauposis appsiad oain. amrlt imp"l that 0 - 04' scafis w Poprha for
mbjsa to 2-bt omanna at wariom umpm.rm tu trmranf mm
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UO( * S ~~~~~~~~TABLE It. Vain. f il, dmtwhauj J-sHdic md
LB K, 901*C JAM wUU of variass diemeerto t(I - k)4 acaWq.

40. ID win
diameter aloft mCoelm H,

130 0(CO) F,-E JI-) W fIII (kG)

CA267 4 a.974 9.67
0.0206 4 0.991 9.01
0.0170 4 0.910 5.W
0.0135 4 &.9949 6.67

was reflected not only in a reduction of H,,, but also in de-
1 2 3 4 9chning values of the slope of the extrapolation plots.

Aplied Mooretic Field kG The overall critical current as a function of applied field
results for the coarse-filatment 2.01 composite are only qual-

FIG. 3. Dauwmgnafon o H, b rapolaio off fi7VwsX o he itatively similar to those described above The J,-vs-H char-
applied idi axis Uwnariy implies tha (1 - h)' scaling is appropriate for acteristics of 0.0254-cin-diam 2.OK wires given 2-h heam
tis L.~saamphe beat tresatd at 901 'C for 2 L tramet up to 900 *C are shown in Fg. 4. At any given

heat treatment condition, the critica current capacity of the
surprising. As noted in a discussion of Nb3 Sn flux pinin 2.0K wires is inferior to that exhibited by their l.&Mcounter-
by Evetts and Pluminer,"6 there exist serious reservations pats. The scaling behavior of the coarse-filament 2.OK coun-
concerning the applicability of Kramer s m relatin to posites is initially quite different than that shown by the fine-

highy dstotedstrctuesThecol wok itrouce by filament wires. The cratcal current behavior of 2.0K wires in
drawing to final wire diameter without intermediate anneals te sdancdionn hseneldatem rtus
will produce ahigh defect density in the Nb flaments. Only below 450 *C is such that the plot of loggg J, vs H i linea
after severe annealing will the internal structure of the Nb over the current density range investigated. Intermediate

bcmm Consistent with the asumptions of die moe heat treatment temperatures result in J-vs-Hbdlvior that
The appropriate scaling relation for the tIM' compo. can be represented, by t (1 - A)" acalieg dicumed above.

site changes at heat Itatment temperatures above 650 C A before the hW "es heat treatment temperatures yield
The 79 and 901 *C dueaconform sum*nlto (I -h02sca- cuve that are consistnt with 01-) Wscaling. This al-
in& Plots employed for the Hr determination for the 901 -C towed the effective upper Aded to be determined readily for
sample are shown in ftg 3. The Jr-va-H data of this sample en etsre eat treatments, thoe uppeC r rtca fiesd was
conform closely to the (0 - 0)2 wialing relattion. Similar esthmte at aia feld tht wupd cicall &W oveal
results hold for the 798 -C sample, wherea the 701 C sam- esme as dhenst a e 10 A/ot2 Thuis all consisteawit
ple conforms to either type o scaling only moderately welL r& cuendtmyof1A/i .M isoiitn wh
A summary of the scaling parameters of the 0.0267-a.th H,, values obtained from appblton of the scaling laws
I.SM composite wiresisgven inTablL Furtha erdcton to the other wires in the Solve that extrapolation of their
in the l.SMwie diameter resulted inaloasof critical current curves gives H,, as the applied &Mel at this current density.
capacity. As indicateid in Table IL the as-drawn wires co- Tin scalng cltrtaktca of the 2.K wire are noted in
tinned to conform to the higher-order 0I - A)2 scaling. TbeII h aaidct htH al hrl steha
However, the degradation in J, with decreasing Wire SiZe

da o( r0-k Ib e4M
TmpBaa., of Cideilca *701C

2-6 eadi nsil 0011d H..

V'C) F, -K~vW(I -h k dii( (kG) WITl~

asdrawa 4 0.999 9.55
344 0.999 7.55

40 4 &.9994 6602 p
5"4 0.999 4.54aa a 1 S 1 S S

06 4 &.996 4M0 pe amw lN
701 4 0.9911 3.73
796 2 0.999 3.53 FIG. 4. Lop ithmshac dri ~ mdcor'aI, A/e'tm
got 2 0691196 3.79 I0emo pidipl ad e s~20 .f ms
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TABLE UL Values of H,, derived from fitting the 0.254-cm 2.OK J vs-H IV. CONCLUSIONS
daw (1 - h)'or (I - h)4 soling. The critical current capacity of cold-drawn Cu-Nb mul-

Tapemperi.reotifilamentary composites is significantly reduced by heat
2.h antu a to act i H,, treatment at temperatures as low as 200 C. Application of

(1C) F, -K,I"(1 - h), cfAt (kG) the appropriate scaling laws to the coarse-filament 2.0K and
fine-filament I.8M data indicates that the reduction is large-

in-drawn a a 9.1 ly the result of a depression of the effective upper critical
304 a a 7.5 field. Shown in Fig. 6 are the effective H ,'s governing the
407 a a 6.6 critical current behavior of the two composites in the range
504 4 0.9995 4.79 of 100--10 A/cm2 .As the heat treatment temperature was
606 4 0.9982 4.07 raised from 200 to 600"C H, was reduced by more than 1701 2 0.9974 3.37

79 2 0.9961 3.45 kG for each 100 C. Heat treatment at temperatures above
901 2 0.9992 3.61 650 C allowed the upper critical field to reach a limiting

value of about 3.4-3.5 kG with some recovery of H,, after
• The 1010w J,-vs.H P4

0t isl lnear tfor these sampls. annealing at 900C. In addition, the critical current behav-
ior of the I.SM wires subjected to heat treatments above
750 C conformed to the more usual (I - h)2 scaling.

treatment temperature is raised toward 650 C. As was the The observed changes in H,, upon annealing would
case with the I.8M composite, heat treatment of the 2.0K seem to result from a combination of stress relief, recovery
wires above 650 C resulted in a limiting value of 3.6 kG for processes, and filament coalescence. Stress effects can ex-
the upper critical field, plain much of the critical current behavior in wires given

The critical temperature T ofa superconductor is often low-temperature heat treatments. The higher tensile
taken as an indicator of the quality of the material. As a strength and lower volume fraction of the Nb filaments as
comparison, a Nb single crystal tested at a current density of compared to the Cu matrix allows high residual tensile
3.0 A/cm was found to have a relatively sharp supercon-, strains to be introduced in the filaments during cold drawing
ducting transition starting at 9.15 K and ending at 9.12 I to final wire size. Differential thermal expansion expe-
The 30-A/cm 2 T, results for the I.M and 20K composite ments have shown that the Nb filaments in the present
wires appear in Fig. 5. Under all heat treatment conditions 0.026-cm-diam composites have residual tensile strains of
examined, the transitions for the 2.0K wires m rdaively 0.4%-0.75% at room temperature.3 In the as-drawn wires
shamp ( < 0.09 K wide) with the transition occurring in the the tensile stress in the Nb filaments is balanced by compres.
vicinity o9 K. Samples ofthe 2.0K composite give 24k hat sive stress in the matrix Cu. However, since there as muWh
treatments at temperatures below 400 "C have slh more Cu than Nb in the composites, the residual ompres.
broadened transitions. Also notable a a signilcant des- sie stresses in the Cu matrix am of much smal r a itude
sion and broadening in the superMconducting tranMitions o than the tensile stresses in the Nb filamens. The high " re-
samples heat treated above 705 'C. Thcharactestils Of the sidual strain levels are associated with the fiue-41ament
critical temperature transitions of the 1.8M wires m M I.8M composite becamuse the greater col work and smaller
markably different. Under all but d moat severe heat treat- interfibament spacings in the fine-filament materials produce
ment conditions, the tran tws are quite broad and appe a stronger Cu matrix. The effect of heat treatment is to M-
ciably depressed. The effect of heat treatment at lieve the residual strains by the relatively low temperature
temperatures below 600 C is to deprm thaastion ter- annealing of the Cu matrix. Resistivity studies of these com-
perature while maint-ining the breadth of the transitionL posites have shown that 0.026-cm-diam 10K wires are fully
Heat treatments above 600 "C tend to increase n, ad shar- annealed by heat treatments at less than 500 'C. Fime-fla-
pen the transition. meat L.SM wires of similar diameter experience significant

decreases in resistivity beyond 600 C.3

o O2o *8&i- too

@00 a~ 90 0
7 

0

O 200 400 600 80 1000
Heat Treatment Temperature. oC 3

0 200 400 600 600 100,
FIG. S. Crtleml Ipeawn as ma A I d 2lb -timt prl Heat Treatment Temperature. oC
tm hr 0.c57-em 20K md 0.0-217.c I.IM C-a.Nb emalo im
Square and ekS. de te e wad ampl-, m et t tmid. to FIG. 6. Me efective upper critical field (0.026-m 20 and I.LMwiru,,
the saperaandueft sas. ropeiv*, a f0ai af bat intnmt tainpeutu.
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as-drawn 5prn still decreasing between 500 and 800 -C. In addu 'onM the
2.0K critical temperature transitions described by F4C. 5 are
sharpest between 500 and 700*C. Similarly, the shaijIness
and midpoint temperature of the l.8M superconduc jig
transitions increase with increasing annealing temperatu.,e
above 500 C. Microscopic examination of the fine-filarnen.
1.8M composite reveals that high-temperature heat treat-
ments cause the closely spaced filaments to coalesce as
shown in Fig. 7. Coalescence of the 1 .8M fine-filament colo-
nies would result in large porous "filaments" similar in size

(a) to the filaments of the 2.0K composite. This is indicated by
the agreement of the I. SM and 2.0K J, vs H, H,,and T,

5prn behavior in wires heat treated above 550 *C. The action of
2 hr 0 7000C rapid Nb recovery processes is further supported by electron

microscopy of in situ Cu-Nb composites. Verhoeven et at.
have observed the onset of Nb filament coarsening at tem-
peratures as low as 320 .C in fine-filament in situ compo-
sites.' The functional dependence of the critical current on
the applied field is determined by the defect structure re-
sponsible for flux pinning. Although (I - h )2 scaling is ap-
propriate for wires possessing well-annealed Nb filaments,
other relations such as the (1 - h )" scaling noted in this

tb) investigation are necessary to describe flux pinning behavior
in heavily deformed Nb.

FIG. 7. Cram sections of repmetatve colonies of the LIM double extru-
sion cooWte are shown (a) in the nrnm conditio, and (b) after a 2-h ACKNOWLEDGMENTS
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